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From soft polymeric gels to hardened cement paste, amorphous solids under constant load
exhibit pronounced time-dependent deformations called creep. The microscopic mechanism of such
a phenomenon is poorly understood and constitutes a significant challenge in densely packed and
chemically aging granular systems. Both features are prominently present in hydrating cement
pastes composed of calcium silicate hydrate (C-S-H) nanoparticles, whose packing density increases
as a function of time, while cement’s hydration is taking place. Here we show that the creep
response of hydrating cement paste allows for a unique insight into the effect of packing onto creep
in general. Our extensive study based on nano-indentation testing and porosity investigations
shows that the creep response primarily results from slippage between the nanoparticles and is
controlled by the inter-particle distance. Our results might lead to the design of concretes with
significantly reduced creep and in turn strongly reduced environmental impact.
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Under constant external load, solid materials display
an instantaneous elastic strain followed by pronounced
time-dependent deformations. Such a mechanical re-
sponse, called creep, is ubiquitously observed in both
crystalline (i.e., ordered) and amorphous (i.e., disor-
dered) materials, such as glasses, granular systems or
hardened cement paste [1–3]. While the creep behavior of
crystalline materials has been quantitatively associated
to the collective motion of dislocations in such materi-
als [4–8], the microscopic mechanism underpinning the
creep response in amorphous granular materials remains
controversial and a topic of intense research [9–12].
Indeed, in granular materials the creep response is
highly sensitive to the particle volume fraction as well as
the inter-particle interactions. On the one hand, in col-
loidal gels, i.e., systems composed of attractive particles
forming a percolated network at low volume fraction, the
creep response is often accounted for by linear viscoelastic
properties, i.e., macroscopically reversible deformations,
up to a critical strain value beyond which a sudden burst
of localized plastic rearrangements triggers the nucleation
of microscopic cracks long before the macroscopic failure
of the material [11, 13, 14]. On the other hand, in densely
packed granular materials, creep is often ascribed to a
disturbance of the force network present in the material
microstructure, which corresponds to plastic rearrange-
ments [15, 16]. In the limit of jammed systems, which
lack sufficient free volume for local reorganization of the
granular network, the detailed mechanisms of creep are
not fully understood. Creep here is often associated with
a dilation of the particle system [17, 18], and for large
stresses, the individual deformation of the particles and
their fracture has been observed to strongly enhance the
creep process [19, 20].
Identifying and modelling the microscopic mechanism
of the creep response in amorphous granular materials is
further complicated by the presence of chemical reactions
such as dissolution, precipitation and chemical bonding,
which result in irreversible aging and a pronounced mor-
phological evolution of the materials microstructure [21–
23]. The interplay between the changes induced by these
reactions and those triggered by the external loading
make the creep response at the microscopic scale much
more complex to decipher. This is the case for hardened
cement paste, which is the ’glue’ that provides strength
to concrete [24]. The reactive nature of this system and
the corresponding continuous changes in microstructure
pose a significant challenge, however also open a unique
opportunity for studying the creep behaviour of partially
jammed systems.
The mechanical properties of hardened cement paste
are governed by colloidal particles of Calcium-Silicate-
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2Hydrate (C-S-H), that precipitate as nanoparticles after
mixing and dissolution of the polydisperse cement pow-
der in water [25, 26]. The formed colloidal particles in-
teract via short range attraction and longer-range elec-
trostatic repulsion forces, which are strongly influenced
by the ion content and composition of the pore water
[27–31]. Eventually, after percolation, hardened cement
paste forms a complex nanoporous network of colloidal
particles, which is age and composition dependent. Two
types of pores can be identified in such a microstructure:
nanoscale inter-C-S-H-particle-pores, commonly referred
to as gel-pores (diameter d ≤ 30 nm), and significantly
larger capillary pores, which are randomly distributed in
the hardened gel. Gel pores are normally fully filled with
water, whereas the water in the capillary pores is pre-
dominantly present in the form of water films [32–34].
In consequence, depending on the degree of hydration,
the water to cement mass ratio, the age of loading and
the moisture conditions, hardened cement paste shows a
broad range of creep responses [35–37].
To date, three different microscopic mechanisms have
been proposed to account for the creep response of hard-
ened cement paste. These scenarios explain the creep
behavior either as a shear deformation of the individual
C-S-H colloidal nanoparticles [38], as a slippage between
these particles [39], or as the formation of microcracks
at spatial scales significantly larger than the particle size
[40]. Despite substantial experimental evidence for the
existence of all of these mechanisms [41–44], their respec-
tive contribution to the total creep response is unknown.
Moreover, these scenarios neither take into account the
reactive nature of cement paste nor its heterogeneous mi-
crostructure. Indeed, hardened cement paste is primar-
ily formed by the precipitation of C-S-H particles and
Calcium-Hydroxide (CH), the former of which prevails in
two phases, primarily low density C-S-H (LD-C-S-H) and
high density C-S-H (HD-C-S-H). The latter is believed to
grow in confined spaces and possesses a higher packing
density than LD-C-S-H. The packing density distribu-
tions of LD- and HD-C-S-H show a pronounced overlap
[45–47].
Here we report on an extensive series of creep
tests performed at the nanoscale via statistical nano-
indentation on hardened cement paste of different
degrees of hydration. The spatially-resolved mechanical
properties are coupled to elemental chemistry surface
mapping and analyzed within a framework of Gaussian
Mixture Models (GMM). The mechanical properties of
the individual phases composing the hardened cement
paste, i.e., LD- and HD-C-S-H, are identified via a
maximum likelihood approach coupled with a Baysian
information criterion (BIC). We find that for both
types of C-S-H phases, the major contribution to the
creep response is set by the slippage between C-S-H
nanoparticles and that the creep modulus C –which is
inversely proportional to the creep rate– measured in
both phases, obeys a single mastercurve, when reported
as a function of the packing density of the C-S-H
nanoparticles. Our results strongly suggests that the
creep response of hardened cement paste is mainly
controlled by the inter-particle distance, which decreases
for increasing hydration degree, suggesting that at early
age during the hydration process the densification of
the paste due to the growing number of C-S-H particles
(that also grow in size) essentially probes the repulsive
long-range part of the interparticle effective interaction
also called Potential of Mean Force (PMF) acting at the
mesocale. These findings shed a new light on the creep
mechanisms of densely packed granular systems that are
chemically reactive.
Results
Nano-mechanical properties of cement paste as a
function of the degree of hydration. In order to
determine the creep response of hardened cement paste
at different stages of the hydration process, we have pre-
pared a series of 120 samples, whose hydration process
is stopped at 30 different points in time by solvent ex-
change with isopropanol [48]. The process, conducted
over a year, yielded a series of samples with hydration
degrees ξNMR for the cement silicate phases (i.e., Alite
and Belite) ranging from 0.2 to 0.7 as determined by 29Si
NMR spectroscopy (see Methods). To monitor the evo-
lution of the cement paste’s mechanical properties at the
nanoscale for increasing degree of hydration, we have con-
ducted nanoindentation tests to determine the hardness
H, the indentation modulus M and the creep modulus
C at a scale of approximately 1 µm3. For each sample,
a nanoindentation grid of 25×25 indentations yields 625
triplets, that are statistically analyzed with a GMM ap-
proach as outlined above (also see Methods). This pro-
cedure allowed us to identify up to 5 different phases
i.e., two types of C-S-H-phases, CH-phases, non-reacted
cement particles, and mix-phases consisting of C-S-H and
CH. The influence of aluminate phases could be neglected
due to the low aluminate content of the investigated ce-
ment.
Figure 1 shows the results of the two phases with
the lowest mechanical properties as identified by this
method, which can be classified as LD- and HD-C-S-H
[3, 49]. The composition of the samples is dominated by
these two phases [Fig. 1(d)], making up for more than
75% of the hydration products. The volume fraction
of LD-C-S-H increases with the degree of hydration
ξNMR, especially for ξNMR & 0.6, whereas the content
of HD-C-S-H remains constant at a volume fraction
of about 35% over the entire range 0.2 . ξNMR . 1.
Remarkably, both LD- and HD-C-S-H show increasing
values of H, M and C for increasing degree of hydration
ξNMR. Note that these results are robust, whether the
phase determination is obtained by clustering the results
solely based on the mechanical properties (H, M and
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FIG. 1. (color online) Mechanical properties as a function of the degree of hydration: (a, b, c) indentation hardness H,
modulus M and creep modulus C for LD-C-S-H and HD-C-S-H phases determined by statistical nanoindentation as a function
of degree of hydration ξNMR determined by
29Si NMR spectroscopy. Both phases are identified by a statisitical analysis based
on H, M and C (index HMC, open symbols) or based on H, M , C and the chemical composition in Calcium, Silicon and
Aluminum at the locus of the indents (index HMC-chem, half-filled symbols) as input values. Continuous lines are logarithmic
functions, which serve as guidelines for the eye. (e, f, g) same data H, M and C as in (a, b, c) vs. packing density η (as
determined via micromechanical modelling; see text) of C-S-H particles in the respective phases. Dashed lines correspond to
the best linear fit of the data. (d) Volume fraction f and (h) packing density η of LD- and HD-C-S-H phases vs. degree of
hydration ξNMR. In all the graphs, the error bars stands for twice the standard deviation of the considered observable.
C) or by additionally taking into account the chemical
(elemental) composition in Ca, Si and Al determined
at the location of the indents by Wave Dispersion
Spectroscopy [see half-filled symbol in Fig. 1(a)–(d)].
Influence of microstructure evolution on creep
behaviour. The LD- and HD-C-S-H phases can be mod-
eled as an assembly of C-S-H nanoparticles interacting by
cohesive forces [25]. Using a micromechanical approach
introduced in refs. [50, 51] and assuming the C-S-H parti-
cle stiffness to be 72 GPa [52], we determine the packing
density η of each phase as a function of the degree of
hydration [Fig. 1(h)]. This determination was based on
the solution of the inverse problem, formulated within
the framework of cohesive granular materials, in which
the least-square minimization was employed to determine
packing density, as well as particle intrinsic shiftiness
and strength properties [50]. For both LD- and HD-C-
S-H phases, η shows a logarithmic increase with ξNMR
[Fig. 1(h)]. The difference in packing density ∆η between
the two phases remains constant, equal to approximately
0.05, for degrees of hydration up to ξNMR = 0.55, before
decreasing and vanishing in the limit of complete hydra-
tion (ξNMR = 1). This result shows that the formation of
4new LD-C-S-H phases in the larger capillary pore space
of hydrating cement paste is significantly influenced by
the free volume available for this precipitation process to
occur, leading to more densely packed phases at higher
degrees of hydration. Moreover, the formation of new
LD-C-S-H for increasing degrees of hydration goes along
with a continuous compaction of the existing LD-C-S-H
phases, shifting their classification from LD- to HD-C-S-
H together with a compaction of the existing HD-C-S-H
phases. The terminal packing density ηmax is limited to
values of about 0.75, in good agreement with the max-
imum packing density of monosized spheres (0.74) [53].
In that framework, the mechanical properties of LD- and
HD-C-S-H phases can now be plotted as a function of
the packing density η [Fig. 1(e)–(g)]. H, M and C grow
linearly (at least in the considered range) for increasing
packing density and no distinction can be made between
the results of the LD- and HD-C-S-H phases. This result
shows that the packing of the individual C-S-H nanopar-
ticles is the fundamental parameter determining the me-
chanical properties of both LD- and HD-C-S-H phases.
In agreement with the mesoscale simulations of [47],
the packing density η can be used to estimate the ra-
tio between the average interparticle distance r and the
diameter d of the C-S-H nanoparticles as follows r/d =
η-1/3 [54]. As can be seen in Fig. 2(a), the creep modu-
lus C increases linearly with decreasing interparticle dis-
tance r/d. This corresponds to a significant reduction
in creep rate and strongly suggests that the creep re-
sponse of hardened cement paste primarily depends on
interparticle slippage processes, and not on the creep be-
havior of the individual C-S-H particles. Hence, early
age creep occurs at the mesoscale and not at the scale of
the single individual C-S-H particle (also see [55]). More-
over, Fig. 2(b) shows that this process is valid both for
LD- and HD-C-S-H, as both HD- and LD-C-S-H pack-
ing fraction distributions exhibit significant overlap. For
ξNMR ≥ 0.6 the interparticle distance strives to an end
value, indicating that the hydration process seems to be
controlled by packing limitations for high degrees of hy-
dration. Finally, the difference in interparticle distance
between LD- and HD-C-S-H decreases for increasing de-
gree of hydration [Fig. 2(c)]. Both results indicate, that
the system is entering a jammed state for high degrees
of hydration, which significantly slows down creep – but
does not prevent it totally.
Additional support for these findings may be derived
from 29Si magic angle spinning (MAS) NMR experi-
ments, which allow us to identify the different types
of condensation of silicate tetrahedra in the C-S-H-
nanoparticles, i.e., dimers and silicate end groups (de-
noted Q1), members of silicate chains (Q2) and sili-
cate tetrahedral neighboring Al tetrahedron in the chain
(Q2(1Al)) [Fig. 3(a)]. Dimers form by precipitation pro-
cesses in the supersaturated pore solution before poly-
merizing into C-S-H phases with larger chain lengths Q2
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FIG. 2. (color online) (a) Creep modulus C as function of r/d,
the ratio of the distance between C-S-H nanoparticles in LD-
and HD-C-S-H phases normalized by the nanoparticle size.
(b) Interparticle spacing r/d for LD- and HD-C-S-H phases
and (c) difference between LD- and HD-C-S-H interparticle
distance ∆(r/d) as function of the degree of hydration ξNMR.
The dashed line in (c) corresponds to the best linear fit of the
data.
and Q2(1Al) [Fig. 3(b)]. This polymerization process is
especially pronounced for low values of ξNMR. However,
while the formation rate of C-S-H particles with longer
silicate chains seems to be independent of ξNMR (com-
pare slope of Q2 curve for 0.1 ≤ ξNMR ≤ 0.4 and for
ξNMR ≥ 0.6), the fraction of Q1 sites decreases slightly
for 0.25≤ ξNMR ≤ 0.4 but then undergoes a clear increase
for ξNMR ' 0.5. The small decrease in the fraction of Q1
sites may reflect that dimers join by a silicate bridging
tetrahedron, forming pentamers or longer chains. The
subsequent increase in Q1 sites is also reflected by the
decrease in average C-S-H chain length (i.e., the average
number of silicate tetrahedra, including tetrahedral Al,
in the chains), as seen in Fig. 3(b) and is in good agree-
ment with previous results from studies of white Portland
cement hydration [56]. This may reflect an increased in-
corporation of Ca2+ ions with respect to the number of
silica tetrahedra in the interlayer of the C-S-H structure,
which will split longer chain units into dimers in the C-S-
H, as observed when the Ca/Si ratio of the C-S-H phase
increases.
Despite the clear increase in average chain length
(compared to the standard deviation of approximately
0.15) for low degrees of hydration ξNMR ≤ 0.4, no corre-
lation between the chain length and the creep modulus
C can be observed [Fig. 3(c)], confirming that early age
creep occurs at the C-S-H interparticle(meso)-scale and
not at the sub-nanoscale (molecular) scale as probed by
solid state NMR. This provides additional evidence for
that the creep behaviour of the phases is not controlled
by the local structure or nanoscale properties of the in-
dividual C-S-H-particles but rather by a sliding between
the particles and thus happening at a larger scale level.
In this context, it is also noted that the drop in chain
length observed for ξNMR values between approximately
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FIG. 3. (color online) (a) Fraction of C-S-H dimers and sil-
icate end groups (designated Q1), polymeric units of silicate
tetrahedra(Q2), including sites bound to tehtrahedral Al in
the chains (Q2(1Al)) relative to the total amount of C-S-H
phases formed multiplied by the degree of hydration ξNMR and
plotted as a function of ξNMR. (b) Average alumino-silicate
chain lengths of the C-S-H polymers (CL, see Methods section
for calculations) as a function of ξNMR. The average standard
deviation is estimated to ± 0.15 for the chain length values.
0.38 and 0.50, goes along with substantial changes in
interparticle spacing r/d (see Fig. 2(b)). This indicates
that changes in the polymerization of the C-S-H do not
influence the creep behaviour directly but are related to
the formation of new particles thus indirectly influencing
the structure. The point in time for the changes in
fractions of Q1 and Q2 sites occurs at the same time
as the sudden increase in the fraction of LD-C-S-H
phases, shown in Fig. 1(d), which also coincides with
the interparticle distance r/d reaching its lower value
[Fig. 2(b)].
Confirmation from porosity measurements. Ad-
ditional confirmation for the scenario described above
comes from the investigation of the pore size distribu-
tion of cement hydrates (Fig. 4). We compute from the
mechanical results the contribution of the LD- and HD-
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FIG. 4. (color online) Contribution to the cement paste to-
tal porosity of LD-C-S-H, HD-C-S-H and both phases as de-
termined by statistical nanoindentation as a function of the
degree of hydration ξNMR. Results are compared to direct
porosity measurements performed by nitrogen adsorption at
77K and Mercury Intrusion Porosimetry (MIP).
C-S-H phases porosity to the overall porosity of the ce-
ment paste at various degree of hydration. The poros-
ity pi of the phase i is calculated using pi = fi(1 − ηi),
where fi designates the volume fraction [Fig. 1(d)], and
ηi the packing density of the phase i [Fig. 1(h)]. As can
be seen in Fig. 4 [symbols (D)], the contribution of LD-
and HD-C-S-H phases to the total porosity of the sam-
ple are nearly constant, independent of the degrees of
hydration, with a mean value of 0.28, which coincides re-
markably well with the value of 0.27 predicted by Powers
in his seminal work [57]. These estimates are compared
with direct measurements of the porosity associated with
pores of radius smaller than 20 nm and determined by
nitrogen adsorption at 77K (see Methods). The porosity
measured by adsorption as a function of the degree of
hydration shows a bell-shaped curve with a maximum at
ξNMR ' 0.4 [symbols ( ) in Fig. 4], which points toward
a change in the hydration process for high degrees of hy-
dration similar to what has been found in both nanoin-
dentation and 29Si NMR testing. This change has been
associated with a transition from a free nucleation and
growth process to a diffusion controlled process [58]. A
similar change is visible in the volume fraction of LD-
and HD-C-S-H estimated from the mechanical tests at
ξNMR ' 0.4 [Fig. 1(d)]. Indeed, for ξNMR . 0.55, the
space provided by the larger pores is sufficient for the
formation of both new LD- and HD-C-S-H, which corre-
sponds to a steady increase of the specific surface area.
6Whereas, for ξNMR & 0.55, the structure formation is
more and more dominated by compaction processes of
the C-S-H, leading to a reduction of HD-C-S-H porosity.
This transition corresponds to the sudden increase Q1
vs. Q2 fraction observed in Fig. 3.
Finally, the larger scale porosity of the samples was
determined using Mercury Intrusion Porosimetry (MIP),
which gives access to the porosity in the range between
approximately 5 nm and 500 µm [59]. The difference
between the porosity determined by MIP, i.e., the
total pore volume, and the pore volume contribution
from LD- and HD-C-S-H phases can be interpreted as
the capillary pore volume, i.e., the pores greater than
approximately 30 nm in radius [57, 60]. The results
detailed in Fig. 4 clearly prove that for increasing degree
of hydration new C-S-H-gel is formed in the larger pores,
reducing the overall porosity of the sample. The total
volume fraction increase of LD- and HD-C-S-H phases
and the corresponding contribution to porosity appear
to be compensated by the increase in packing density of
those phases, ensuring that the overall contribution of
the C-S-H-gel to the porosity remains roughly constant.
Discussion and conclusion. The present study pro-
vides strong experimental evidence that the creep re-
sponse of reactive colloidal gels, as demonstrated here
on hardened cement paste, is primarily a function of the
interparticle distance set by the packing density of the
particles. We have shown that with decreasing distance
between the nanoscopic C-S-H particles, the creep modu-
lus – i.e., the inverse of the creep rate – increases linearly
with the packing density, which strongly points towards
a viscous sliding process between C-S-H nanoparticles.
This scenario is in very good agreement with seminal
theoretical considerations by Powers [39] and Wittmann
[40], who also suggested that the contribution of a vis-
cous deformation of the C-S-H particles themselves to
the total creep deformation is negligible. Furthermore,
our experimental results are in aggreement with recent
Molecular Dynamics simulations by [55].
Our packing density and nano-porosity measurements
strongly suggest that the nanoscale C-S-H particles at
high degrees of hydration are in a jammed state, which
should either hinder creep deformation or should a
least lead to a dilation of the system during creep [16].
Contrary to the assumptions of Powers and Wittmann
in refs. [39, 40] the deformability of the C-S-H particles
however plays an important role in permitting individual
particles to move despite the jammed state, by yielding
to interlocking forces as suggested in refs. [19, 61].
Numerical investigations by [55, 62] prove that for
hardened cement paste the C-S-H particles themselves
are subject to a creep deformation, which strongly
facilitates this yielding process.
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Methods
Sample preparation. All cement paste samples were prepared
by mixing ordinary Portland cement CEM I 42.5 R (65% wt.
tricalcium-silicate Ca3SiO5; 15% wt. dicalcium-silicate Ca2SiO4;
5% wt. tricalcium-aluminate Ca3Al2O6; 2% wt. tetracalcium-
aluminate-ferrite Ca4Al2Fe2O10) produced by Wittekind (Germany)
with demineralized water, at a water to cement ratio w/c = 0.4.
Samples were cast in cylindrical tubes of length 50mm and diameter
24mm before being stored at 20◦C in a saturated lime (CaO) solution.
Following [48], the hydration reaction was stopped by solvent exchange
with isopropanol at various points in time ranging from 7 hours to
220 days after water addition to the dry cement. Once the hydration
stopped, the cylindrical sample were then cut into discs, which surfaces
were polished manually by using a series of SiC papers so as to reach
a surface roughness of a few hundred nanometers [63]. Finally, the
polished samples of hardened cement paste were dried in a thermal
chamber at 60◦C until they reached a constant mass. They were then
tested mechanically by nanoindentation.
Statistical nanoindentation. The mechanical properties of the
cement samples were characterized by nanoindentation (UNHT, Anton
Paar). For each sample, 25 × 25 = 625 indents separated by 10µm
were carried out on a square map using a three-sided, pyramid-like
Berkovich indenter. Each indentation test consists in measuring
the indentation depth of the indenter resulting from a symmetric
load profile: ramp of increasing load up to a constant value Pmax
maintained for 180s so as to determine the creep response of the
sample, followed by a ramp of decreasing load at a rate identical
to the loading part. The maximum load Pmax is chosen to yield
indentation depths of approximately 300 nm, probing the mechanical
local properties of the hardened cement paste within a volume of
about 1 µm3. For each indent, the local values of the hardness H
and the indentation modulus M were determined by the method of
Oliver and Pharr [64], while the creep modulus C, which corresponds
to the inverse of a creep rate, was determined following the method
previously used by Vandamme and Ulm in [3, 65]. For a given sample,
an indentation grid yields a set of 625 triplets (H, M , C), which is
analyzed with a Gaussian Mixture Modeling extensively described in
[66]. Such analysis, combined with a Bayesian information criteria,
allows us to determine the most likely number of phases based on the
Gaussian clustering of the mechanical properties and the chemical
content at the locus of each indent (see following paragraph). The
analysis yields between 3 and 5 phases, which correspond to the phases
composing the hardened cement paste: low-density C-S-H (LD-C-S-H),
high-density C-S-H (HD-C-S-H), Calcium hydroxyde (CH), mixed
phases and unhydrated clinker.
Chemical surface mapping. The entire surface of the hard-
ened cement paste sample is coated with a carbon layer of 20 nm
thickness and dried in ultra-vaccuum (8 · 10−9bar) for at least 24
hours. The chemical composition of the sample at the locus of the
indentation grid is determined using Wavelength-Dispersive X-ray
Spectroscopy (WDS) with a scanning electron microscope (SEM,
JEOL JXA-8200). SEM backscatter images and WDS maps with
dimensions of 368µm×276µm (corresponding to 1024×768 pixels)
7were acquired with a resolution of 0.36µm. The beam voltage, current,
working distance and dwell time were set respectively to 15kV,
10nA, 11mm and 40ms per spot. The WDS mapping was performed
for the following species: calcium (Ca), silicon (Si), aluminum (Al),
iron (Fe), sulfur (S), magnesium (Mg), sodium (Na) and potassium (K).
Bulk testing techniques. Single-pulse 29Si MAS NMR spectra
were acquired on a Bruker 400 MHz (9.39 T) spectrometer using a
home-built CP/MAS probe for 7 mm outer diameter rotors, a 45
degree excitation pulse, a 30 s relaxation delay and typically 2048
scans. The resulting spectra were deconvolved providing relative
intensities for alite, belite, and the Q1; Q2, and Q2(1Al) resonances
of the C-S-H phase. From these intensities, the degrees of silicate
hydration, ξNMR = [I(Q
1) + I(Q2) + I(Q2(1Al))]/Itot (with Itot
designating the total signal intensity) and the average chain length of
alumino-silicate tetrahedra, CL = 2[Q1 +Q2 + 3/2Q2(1Al)]/Q1, were
calculated (see [56]). Moreover the porosity of the hardened cement
paste was determined by Mercury Intrusion Porosimetry MIP using a
Micromeritics Autopore III 9420 instrument with Hg pressures up to
400 MPa and by Nitrogen adsorption at 77 K using a Micromeritics
ASAP 2000 instrument. Here the MIP method was used to measure
the total porosity of the sample, with pores as small as approximately
5 nm in radius [59]. The pore-size-distribution accessed by Nitrogen
adsorption was derived using the Barrett-Joyner-Halenda (BJH)
algorithm, covering pores with a pore diameter between 1 nm and
approx. 120 nm, thus encompassing both LD-, HD-C-S-H and parts
of the capillary porosity (i.e., pores with a radius larger than 20 nm)
[59]. In order to identify the porosity and pore size distribution of the
individual phases identified via the nanoindentation coupled to surface
chemistry, a superposition of Gaussian functions was fitted to the pore
volume vs. log pore radius distribution data obtained in BET testing
thus identifying the pore size clusters present in the paste. At least 3
clusters could be identified with mean pore radii of 6 nm, 15 nm and,
28 nm. Hereby, the identified mean pore radii of the first two clusters
(i.e., 6 nm and 15 nm) correspond well to the sizes derived from
NMR relaxometry data on similar pastes (see [67]). The pore volume
contribution of the first two clusters as shown in Fig. 4 (designation
BET-Porosity) was calculated by integrating the pore size distribution
in the range between 1 nm to 20 nm, where the upper threshold results
from the mean pore radius of cluster 2 (i.e., 15 nm) plus 3 times its
standard deviation. These results suggest that the BET pore clusters
no. 1 and 2 (i.e., 6 nm and 15 nm) can be attributed to HD-C-S-H,
whereas the properties of LD-C-S-H are significantly affected by
larger pores. It should be noted, that this finding is somewhat in
contradiction of rough estimates on the pore radius of LD-C-S-H by
Jennings [25], which however were not measured but calculated from
estimates of density and specific surface and thus are prone to various
possible errors.
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